Human body communication is expected to be a viable new transmission method for networks between wearable devices working together in a body area network (BAN). Wearable devices demand long battery life, small size, and light weight. Therefore, it is important to investigate the input impedance characteristics of the electrodes and design the electrode structure in such a way as to improve the communication qualities. The characteristics of the human body are important for designing the antennas (electrodes) used for close range communication in a human body communication system. Normally, homogenous muscle phantoms are used for measuring the input impedance characteristics of these antennas. However, nobody has measured the input impedance characteristics of electrodes for human body communication at a frequency of 10 MHz using phantoms that take into account the actual tissue structure of the human body. Therefore, it is necessary to measure the impedance characteristics using phantoms which consider skin, fat, and muscle. In this study, changes in the input impedance characteristics were analyzed considering the electrical properties of a phantom containing muscle and fat. Moreover we tried to develop a human muscle and fat phantom for human body communication system available at a frequency of 10 MHz.
Introduction
Human body communication [1, 2] has received a lot of attention as a promising wireless technology for close range communication when constructing a body area network (BAN). [3] Human body communication primarily utilizes the human body and the space around the body for signal transmission. This transmission mechanism contributes to smaller power consumption and low electromagnetic field radiation. One of the prospective applications of human body communication is a health care system comprised of wearable sensors and a mobile terminal. [4] In such systems, vital signals collected by a wristwatch-type wearable sensor are transmitted to a mobile terminal using human body communication. The mobile terminal is for monitoring the health condition of the user and for transmitting data to other systems for further analysis. These wearable devices must be small and light, and have a long battery life.
In high-frequency circuits, impedance matching is used for maximizing power transfer and minimizing reflections from a load. For this reason, the output impedance of radio frequency LSI (Large Scale Integration) and the input impedance of antennas are designed to have the same value. [5] In a human body communication system, high frequency signals are excited in the body through a pair of electrodes. This is equivalent to antennas in an airborne wireless communication system. Thus, in a transmission system with unified impedance, high frequency 論 文 signals can be output to the body and the space around the body without reflections. [6, 7] Therefore, it is important to match the impedance at the front end to improve the transmission characteristics between devices without using any additional parts such as transformers or stubs so as to minimize signal reflections and reduce power consumption. In our previous studies, we used electromagnetic field analysis to investigate the input impedance characteristics of transmitter electrodes in order to design the electrode structure. [8, 9] As a result, it was found that a homogenous model that has the uniform electrical properties of human muscle is not suitable for the input impedance analysis, and that a multilayered model consisting of skin, fat, and muscle is required.
Generally, the characteristics of BAN devices, such as the input impedance of antennas have been evaluated using phantoms mimicking the electrical properties of biological tissues.
Normally, homogenous muscle phantoms are used for measuring the input impedance characteristics of antennas. There are some reports that discussed the input impedance characteristics of antennas arranged near the homogenous phantom. [10] However, current phantoms used to evaluate antenna characteristics, EMC (electromagnetic compatibility), and SAR (specific absorption rate) mimic the electrical properties of biological tissues at frequencies higher than 300 MHz. [11, 12] These conventional phantoms cannot mimic the relative permittivity and conductivity of biological tissues at a frequency of 10 MHz. [13] Besides, these phantoms were not developed for evaluating the characteristics of a human body communication system, such as the input impedance of an electrode in contact with the body. In this study, changes in the input impedance characteristics of the transmitter electrodes in response to the electrical properties of muscle and fat phantom were analyzed. Moreover we tried to develop a human muscle and fat phantom for a human body communication system available at a frequency of 10 MHz.
Human Body Communication System
In this research, we assumed communication between a wearable device (transmitter) worn on the forearm, including the wrist, and a mobile terminal (receiver) held in the hand. Figure 1 shows the proposed human body communication system. In this study, we focused on a frequency of 10 MHz because previous studies have reported that the transmission efficiency peaks at around 10 MHz [14] and because we assumed use of the industryscience-medical (ISM) band (13.56 MHz). [15] The output impedance of a radio frequency LSI (Large Scale Integration) is generally 50 Ω; therefore we set the output impedance of the excitation point to 50 Ω.
Multilayered Phantom and Analysis Model
In this study, we performed a three-dimensional electromagnetic field analysis using the finite-difference time domain (FDTD) method (Remcom: XFdtd). Figure 2 shows an analysis model of a multilayered phantom mimicking the human arm. The skin layer is 1 mm thick, the fat layer is 3 mm thick, and the rest of the model consists of the muscle layer. The model is 100 mm long. Table 1 shows the electrical properties of those biological tissues at 10 MHz. [16] In our previous study, we used a 700-mm long cylindrical multilayered model for precise input impedance analysis in a human body communication system. [9] We have already compared the input impedance characteristics obtained from the 100-mm long model and the 700-mm long model, which is similar to the length of an actual human arm, and we found that the difference in the input impedance between the two 論 文 models is small enough. Thus, the model shown in Fig. 2 can also be used to calculate precise input impedances. We adopted a transmitter designed in our previous studies. The electrodes of this transmitter were designed to have an input impedance of 50 Ω using a homogenous cylinder model. [6, 17] Figure 
Electrical Properties of Each Biological Phantom
Current phantoms mimic the electrical properties of biological tissues at frequencies higher than 300 MHz. [11, 12] tivity. This means that the conductivity is dominant to the input impedance. This is because the muscle can be regarded as a conductor rather than a dielectric at 10 MHz. However, these influences can be ignored in the phantom in consideration of 
Development of Phantoms
In this section, we develop new muscle and fat layers of the Tables 2 and 3 show the ratios of the components of the muscle and fat phantoms. The electrical properties of human muscle and fat are given in Table 1 . The amount of NaCl added was changed in the development of the muscle phantom. In the development of the fat phantom, the amount of deionized water was changed. The electrical permittivity and conductivity of the phantoms were calculated from the input impedance measured 
論 文
by the parallel plate capacitor method using an impedance analyzer (Agilent 4294A). Measurements were replicated three times for each ratio of components. Figs. 8 and 9 show the electrical properties of the muscle and fat phantoms for each component ratio. From the result shown in Fig. 8 , it was clarified that the muscle phantom containing 5.4 g of NaCl per l000 g of deionized water shows good conductivity (average value is 0.640 S/m) compared with the value shown in Table 1 . It also shows good relative permittivity (average value is 73.0) in consideration of section 4.1. From the result shown in Fig. 9 , it was also clarified that the fat phantom containing 300 g of soybean oil per 100 g of deionized water shows good properties (average conductivity value: 0.0269 S/m; average relative permittivity value:
19.8) compared with the value shown in Table 1 . The electrical properties of these phantoms meet the requirements for good phantoms given in Section 4. From these results, it was confirmed that muscle and fat phantoms with adjusted ratios of components can mimic the electrical properties of biological tissues for a multilayered phantom at a frequency of 10 MHz.
Conclusion
In this study, the input impedance characteristics which affect the electrical properties of muscle and fat phantoms were analyzed. Moreover, we tried to develop a human muscle and fat phantom for a human body communication system available operating at a frequency of 10 MHz. It is confirmed that changes in the relative permittivity of the muscle and fat layers have little influence on the input impedance characteristics. Thus, we only have to adjust the conductivity of the muscle and fat phantoms close to the target value. Besides, it was confirmed that we can adjust the ratios of the components of muscle and fat phantoms in order to mimic the electrical properties of biological tissues for a multilayered phantom at a frequency of 10 MHz. For the future, we plan to investigate a skin phantom in the same way as this study of muscle and fat phantoms. 
